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SUMMARY 

Acous t i c  e x c i t a t i o n  has been shown t o  a l t e r  t h e  v e l o c i t y  decay and spread- 
i n g  c h a r a c t e r i s t i c s  of j e t  plumes by mod i f y ing  t h e  l a r g e - s c a l e  s t r u c t u r e s  i n  
t h e  plume shear l a y e r .  The p resen t  work c o n s i s t s  of r e v i e w i n g  and a n a l y z i n g  
a v a i l a b l e  p u b l i s h e d  and unpubl ished exper imen ta l  d a t a  i n  o r d e r  t o  determine 
t h e  importance and magnitude of t h e  seve ra l  v a r i a b l e s  t h a t  c o n t r i b u t e  t o  plume 

0 m o d i f i c a t i o n  by a c o u s t i c  e x c i t a t i o n .  I n c l u d e d  i n  t h e  s tudy  were c o n s i d e r a t i o n  
h o f  t h e  e f f e c t s  o f  i n t e r n a l  or e x t e r n a l  a c o u s t i c  e x c i t a t i o n ,  e x c i t a t i o n  
I S t rouha l  number, a c o u s t i c  e x c i t a t i o n  l e v e l ,  n o z z l e  s i z e  and flow c o n d i t i o n s .  

Q) 

M 

W The l a s t  i n c l u d e  j e t  Mach number and j e t  temperature.  
f a c t o r s  on t h e  plume c e n t e r l i n e  v e l o c i t y  decay a r e  then  summarized i n  an over-  
a l l  e m p i r i c a l  c o r r e l a t i o n .  

The e f f e c t s  o f  these 

INTRODUCTION 

I n  r e c e n t  yea rs ,  e x t e n s i v e  research  has been conducted on means to  m o d i f y  
or c o n t r o l  t h e  decay c h a r a c t e r i s t i c s  o f  j e t  plumes. Such means a r e  i m p o r t a n t  
for a v a r i e t y  o f  a i r c r a f t / p r o p u l s i o n  a p p l i c a t i o n s ,  i n c l u d i n g  j e t  n o i s e  reduc- 
t i o n  and t h e  des ign o f  s m a l l e r  and l i g h t e r  n o z z l e / e j e c t o r  systems. 

Both j e t  plume decay and spreading r a t e s  can be enhanced or reduced by ex- 
c i t i n g  or p e r t u r b i n g  t h e  j e t  shear l a y e r .  Such plume e x c i t a t i o n  can be 
achieved by a c o u s t i c ,  aero/mechanical ,  or thermal means. 
e x c i t a t i o n  of j e t  plumes t o  da te  has been o b t a i n e d  w i t h  a c o u s t i c  means. 

phase- lock ing of t h e  coherent  l a rge -sca le  s t r u c t u r e  i n  t h e  plume shear l a y e r  
w i t h  an a c o u s t i c  s i g n a l  ( r e f .  1 ) .  The magnitude o f  t h e  shear l a y e r  m o d i f i c a -  
t i o n  i s  a p r i m a r y  f u n c t i o n  of t h e  p e r t u r b a t i o n  s t r e n g t h  ( a c o u s t i c  l e v e l ) ,  j e t  
flow c o n d i t i o n s ,  nozz le  s i z e ,  and a c o u s t i c  p e r t u r b a t i o n  f requency.  
shape does n o t  appear t o  be a p r i m a r y  f a c t o r  s i n c e  plumes o f  c i r c u l a r ,  r e c t a n -  
g u l a r ,  and two-stream nozz les have a l l  been e x c i t e d  w i t h  s i m i l a r  plume m o d i f l -  
c a t i o n  r e s u l t s  ( r e f s .  1 to  6). Also ,  t h e  e f f e c t  o f  a c o u s t i c  e x c i t a t i o n  on a 
plume appears t o  be independent o f  f l i g h t  speed ( r e f .  7). 

For t h e  most p a r t ,  

Wi th  a c o u s t i c  e x c i t a t i o n  of t h e  plume, t h e  mechanism i n v o l v e d  i s  

Nozzle 

More r e c e n t l y ,  a model-scale nozz le  s tudy  ( r e f .  8 )  has shown t h a t  t h e  
boundary l a y e r  type ( l a m i n a r  or t u r b u l e n t )  a t  t h e  nozz le  e x i t  i s  an i m p o r t a n t  
parameter f o r  t h e  a c o u s t i c  e x c i t a t i o n  of j e t  plumes. I n  t h i s  and unpubl ished 
s t u d i e s  conducted by t h e  Lockheed-Georgia C o r p o r a t i o n  under NASA c o n t r a c t ,  
j e t s  heated to  p r o g r e s s i v e l y  h i g h e r  temperatures have shown p r o g r e s s i v e l y  
reduced response to  a c o u s t i c  e x c i t a t i o n .  Th is  phenomenon can, perhaps be 



attributed to a transition at the nozzle exit plane from a turbulent boundary 
layer to a transition or laminar boundary layer as the jet temperature was 
increased. In order to circumvent this phenomenon, a suitable boundary layer 
trip placed inside the nozzle upstream of the exit plane can be used to pro- 
vide a turbulent boundary layer at the nozzle exit plane. 

The present work presents a new approach t o  the estimation of plume cen- 
terline velocity decay rates of acoustically excited turbulent jets through an 
empirical correlation o f  data in terms of parameters known to influence plume 
centerline velocity decay. The various parameters are first correlated inde- 
pendently and then summed into an overall correlation procedure. 
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SYMBOLS 

speed of sound 

nozzle diameter 

plume centerline velocity decay correlation parameter 

acoustic excitation level, dB 

local centerline jet Mach number 

jet Mach number 

excitation Strouhal number 

Se (aj/ao) 

tot a 1 temperature 

static temperature 

local jet centerline velocity 

jet exhaust velocity 

axial centerline distance downstream of nozzle exit plane 

Subscripts: 

ex excited 

j jet 

0 ambient 

P peak 

un unexcited 

2 



GENERAL 

Flow Cons ide ra t i ons  

The p r i m a r y  flow and a c o u s t i c  e x c i t a t i o n  parameters t h a t  determine t h e  
j e t  plume c e n t e r l i n e  v e l o c i t y  decay r a t e  for a c o n i c  n o z z l e  a r e  summarized 
s c h e m a t i c a l l y  i n  f i g u r e  1. The decay d a t a  a r e  shown i n  terms o f  Uc/Uj  as a 
f u n c t i o n  o f  d i s t a n c e  from t h e  nozz le  e x i t  p lane,  X / D j .  The dashed curves i n  
the  f i g u r e  i n d i c a t e  t y p i c a l  v a r i a t i o n s  or t r ends  away from t h e  b a s i c  u n e x c i t e d  
curve ( s o l i d  l i n e ) .  I n  f i g u r e  l ( a ) ,  t h e  e f f e c t  of an i n c r e a s e  i n  j e t  tempera- 
t u r e  i s  shown t o  cause a more r a p i d  decay of t h e  plume c e n t e r l i n e  v e l o c i t y .  
I n  f i g u r e  l ( b ) ,  t h e  e f f e c t  of an i nc rease  i n  j e t  Mach number i s  shown t o  cause 
a r e d u c t i o n  i n  t h e  plume c e n t e r l i n e  v e l o c i t y  decay r a t e  w i t h  d i s t a n c e  down- 
stream o f  t h e  nozz le  e x i t  p lane,  X / D j .  Wi th  i n c r e a s i n g  a c o u s t i c  e x c i t a t i o n  
l e v e l ,  Le, t h e  plume c e n t e r l i n e  v e l o c i t y  decay i s  shown t o  inc rease ,  as i l l u s -  
t r a t e d  i n  f i g u r e  l ( c ) .  F i n a l l y ,  w i t h  a cons tan t  a c o u s t i c  e x c i t a t i o n  l e v e l ,  
t h e  plume c e n t e r l i n e  v e l o c i t y  decay I s  i n i t i a l l y  i nc reased  w i t h  an i nc rease  i n  
S t rouha l  number (based on e x c i t a t i o n  f requency),  Se, , as shown i n  f i g u r e  l ( d ) .  
F u r t h e r  increases i n  S t rouha l  e x c i t a t i o n  number r e s u y t  i n  lower  decay r a t e s  
t h a t  approach t h e  unexc i ted  decay r a t e s  and a t  v e r y  h i g h  S t rouha l  e x c i t a t i o n  
numbers decrease t h e  decay r a t e  t o  l e s s  than t h a t  f o r  t h e  u n e x c i t e d  r a t e .  
The t rends  shown i n  f i g u r e  1 a re  independent o f  t h e  n o z z l e  e x i t  p l a n e  shape, 
a l t hough  the  abso lu te  magnitudes i n  t h e  decay a l t e r a t i o n  due t o  a c o u s t i c  e x c i -  
t a t i o n  w i  11 d i f f e r  between nozz le  shapes. 

Fac i  1 i t y  Upstream Valve Noi se  E f f e c t s  

F a c i l i t y  n o i s e  l e v e l s ,  such as v a l v e  n o i s e ,  can a f f e c t  t h e  plume cen te r -  
l i n e  v e l o c i t y  decay. Data i n d i c a t e  t h a t  such n o i s e  has a f i r s t  o r d e r  a f f e c t  
on t h e  decay r a t e  as shown i n  f i g u r e  2. 
upstream f low c o n t r o l  v a l v e  p o s i t i o n  and a q u i e t  v a l v e  p o s i t i o n .  
shown i n  t h e  f i g u r e  a r e  f o r  a j e t  Mach number o f  0.2, c o l d  flow, and an acous- 
t i c  sound pressure l e v e l  of 130 dB ( r e f .  6 ) .  With a q u i e t  v a l v e  p o s i t i o n ,  a 
peak plume c e n t e r l i n e  v e l o c i t y  decay, Uex/Uun, va lue  of 0.85 a t  an X / D j  P 9 
was measured a t  an e x c i t a t i o n  frequency o f  550 Hz. Wi th a n o i s y  v a l v e  p o s i -  
t i o n ,  a va lue of o n l y  0 .97  was obta ined .  The d i f ference of 0 .12  between the  
two decay r a t e s  was g e n e r a l l y  ma in ta ined  ove r  m o s t  o f  t h e  a v a i l a b l e  range o f  
f requenc ies  used i n  t h i s  s tudy.  Consequent ly,  a comparison o f  decay r a t e s  
from d i f f e r e n t  f a c i l i t i e s  should cons ide r  t h e  n o i s e  l e v e l s  of these f a c i l i t i e s  
i n  o r d e r  t o  p r o v i d e  v a l i d  comparisons for e x c i t e d  plume c e n t e r l i n e  v e l o c i t y  
decay c h a r a c t e r i s t i c s .  A t  t h i s  t i m e ,  such f a c i l i t y  n o i s e  v a l i d a t i o n s  a r e  n o t  
g e n e r a l l y  a v a i l a b l e .  

The d a t a  shown a r e  for  a n o i s y  
The d a t a  

Acous t i c  Sources 

The f o l l o w i n g  s e c t i o n  summarizes b r i e f l y  t h e  two a c o u s t i c  e x c i t a t i o n  
sources used i n  t h e  NASA Lockheed s t u d i e s .  I n  a d d i t i o n ,  t h e  NASA Lewis source 
i s  a l s o  summarized. 

I n t e r n a l  a c o u s t i c  e x c i t a t i o n  sources. - The Lockheed source s e c t i o n  used 
for t h e  a c o u s t i c  e x c i t a t i o n  exper iments r e p o r t e d  i n  re fe rence  1 u t i l i z e d  f o u r  
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e l e c t r o - a c o u s t i c  100 W A l t e c  d r i v e r s .  The source s e c t i o n  was l o c a t e d  i n  a con- 
s t a n t  10.2 cm d iameter  p i p e  s e c t i o n ,  6 m upstream of t h e  nozz le  e x i t  p lane .  
I n  a l a t e r  s e r i e s  o f  exper iments,  t h e  source s e c t i o n  was p r o v i d e d  w i t h  f o u r  
a d d i t i o n a l  d r i v e r s  i n  o r d e r  to  inc rease  t h e  source l e v e l .  P a i r s  o f  a c o u s t i c  
d r i v e r s  were connected th rough  a "Y" connector  to  t h e  10.2 cm flow d u c t  t h rough  
f o u r  2.54 cm diameter tubes t o  t h e  same l o c a t i o n  used i n  r e f e r e n c e  1.  F u r t h e r  
d e t a i l s  o f  the  source s e c t i o n  a re  g i v e n  i n  r e f e r e n c e  1. 

The a c o u s t i c  d r i v e r s  had a r a t e d  power o f  40 W o v e r  a frequency range o f  50 to 
20 000 Hz. Each d r i v e r  was connected to  an A l t e c  Lansing 100 W power a m p l i f i -  
e r .  
r e f e r e n c e  6. 

Lockheed fo r  t h e  i n t e r n a l  a c o u s t i c  source s t u d i e s  were a l s o  used for  t h e  e x t e r -  
n a l  a c o u s t i c  source exper iments ( r e f .  8 and unpubl ished d a t a ) .  For t h i s  work 
t h e  d r i v e r s  were mounted c i r c u m f e r e n t i a l l y  upstream of t h e  n o z z l e  e x i t  p lane .  
Sound was t r a n s m i t t e d  from t h e  d r i v e r s  th rough  e i g h t  tubes t o  t h e  n o z z l e  e x i t  
p lane,  w i t h  t h e  tubes cen te red  a t  an X / D j  of 0.125. No-flow c a l i b r a t i o n  
measurements were made a t  t h e  nozz le  c e n t e r l i n e  and a t  t h e  microphone r i n g .  

The NASA Lewis source s e c t i o n  a l s o  c o n s i s t e d  of fou r  a c o u s t i c  d r i v e r s .  

F u r t h e r  d e t a i l s  o f  t h e  a c o u s t i c  source and t h e  f a c i l i t y  a re  g i v e n  i n  

Ex te rna l  a c o u s t l c  e x c i t a t i o n  source. - The e i g h t  A l t e c  d r i v e r s  used by  

E x c i t a t i o n  Level  Measurement 

I n t e r n a l  a c o u s t i c  e x c i t a t i o n  source. - I n  t h e  NASA Lockheed exper iments,  
t h e  c o l d - f l o w  e x c i t a t i o n  l e v e l s  a t  t h e  c e n t e r l i n e  of t h e  n o z z l e  e x i t  p lane  
were measured d i r e c t l y  u s i n g  a microphone f i t t e d  w i t h  a nose cone. For  heated 
j e t s ,  t h e  e x c i t a t i o n  l e v e l  was measured i n d i r e c t l y  by a twelve-microphone r i n g  
p l a c e d  o u t s i d e  t h e  nozz le  b u t  i n  t h e  p lane  of t h e  j e t  e x i t .  
r e c t i o n s  for  t h e  two microphone l o c a t i o n s  were o b t a i n e d  i n  advance by  making 
simultaneous measurements o f  t h e  sound l e v e l s  p r e s e n t  a t  t h e  nozz le  e x i t  and 
t h e  l e v e l s  a t  t h e  microphone r i n g .  
c o n d i t i o n s  and were assumed t o  a l s o  a p p l y  t o  t h e  heated flows. 

The necessary co r -  

These c a l i b r a t i o n s  were made for  unheated 

I n  t h e  NASA Lewis s t u d i e s ,  t h e  source l e v e l s  were o b t a i n e d  u s i n g  a c a l i -  
b r a t e d  microphone mounted f l u s h  i n  t h e  nozz le ,  0.635 cm upstream o f  t h e  nozz le  
e x i t  p l a n e ( r e f .  6). Subsequent source l e v e l  measurements (unpubl ished)  a t  t h e  
c e n t e r l i n e  i n  the  nozz le  e x i t  p lane  i n d i c a t e d  a much lower  a c o u s t i c  source 
l e v e l .  A c a l i b r a t i o n  between t h e  o r i g i n a l  and l a t e r  microphone l o c a t i o n s  i n d i -  
ca ted  a 5 dB lower  l e v e l  for t h e  n o z z l e  e x i t  p lane  microphone l o c a t i o n  than  
t h a t  i n s i d e  t h e  nozz le .  Therefore,  f o r  a measured i n t e r n a l  l o c a t i o n  a c o u s t i c  
source l e v e l  o f  135 dB ( r e f .  6) t h e  measured l e v e l  a t  t h e  n o z z l e  e x i t  p lane  
was o n l y  130 dB. A s  a consequence, a l l  re ference 6 d a t a  i n c l u d e d  h e r e i n  have 
t h e  r e p o r t e d  a c o u s t i c  e x c i t a t i o n  l e v e l s  a d j u s t e d  by -5 dB. 

Ex te rna l  a c o u s t i c  e x c i t a t i o n  source. - I n  c o n s i d e r i n g  t h e  e f f e c t i v e  acous- 

Wi th i n t e r n a l  a c o u s t i c  e x c i t a t i o n ,  t h e  acous- 
t i c  e x c i t a t i o n  l e v e l ,  t h e  d i s t a n c e  from t h e  a c o u s t i c  d r i v e r s  to  t h e  plume 
shear l a y e r  i s  a p r i m a r y  f a c t o r .  
t i c  l e v e l s  a re  g e n e r a l l y  measured i n  t h e  p l a n  o f  t h e  nozz le  e x i t  a t  t h e  nozz le  
c e n t e r l i n e .  
cons tan t  r a d i a l l y  i n  t h i s  p lane .  Wi th e x t e r n a l  a c o u s t i c  e x c i t a t i o n ,  t h e  
no- f low a c o u s t i c  l e v e l s  were a l s o  measured a t  t h e  nozz le  c e n t e r l i n e .  I n  

I t  has been assumed t h a t  t h e  measured l e v e l s  a t  t h i s  p o i n t  a r e  

4 



a c t u a l i t y ,  however, t h e  a c o u s t i c  l e v e l  a t  t h e  n o z z l e  shear l a y e r  i s  t h e  d r i v e r  
f o r  t h e  l a r g e  s c a l e  t u r b u l e n c e  s t r u c t u r e s  I n  t h e  shear l a y e r  t h a t  determine 
the  plume decay and spreading r a t e s .  For t h e  Lockheed da ta ,  t h e  adjustment  i n  
t h e  a c o u s t i c  e x c i t a t i o n  l e v e l  from t h e  nozz le  c e n t e r l i n e  t o  t h e  shear l a y e r  
l o c a t i o n  i s  es t ima ted  t o  be a nominal 3 dB based on t h e  r e s p e c t i v e  d i f f e r e n c e  
i n  t h e  d i s t a n c e s  from t h e  source, v a r y i n g  o n l y  s l i g h t l y  w i t h  j e t  temperature 
and flow c o n d i t i o n s .  Consequent ly,  t h i s  amount was added t o  t h e  measured cen- 
t e r l i n e  a c o u s t i c  l e v e l s  for  a l l  e x t e r n a l  a c o u s t i c a l l y  e x c i t e d  d a t a  i n c l u d e d  
h e r e i  n. 

Nozzl e Reynol ds Number Cons i dera t i ons 

C o n s i d e r a t i o n  o f  t h e  v a r i o u s  e f f e c t s  o f  a c o u s t i c  e x c i t a t i o n  on j e t  plume 
decay c h a r a c t e r i s t i c s  suggests t h a t  t h e  nozz le  boundary l a y e r  a t  t h e  e x i t  
p lane  i n f l u e n c e s  these c h a r a c t e r i s t i c s .  I n  b o t h  t h e  Lockheed and NASA Lewis 
work, t h e  nozz le  Reynolds numbers covered by t h e  data,  b o t h  p u b l i s h e d  and 
unpubl ished,  i n c l u d e s  a l l  t h r e e  flow regimes; l am ina r ,  t r a n s i t i o n ,  and tu rbu -  
l e n t .  
e x c i t e d  heated and c o l d  flow plume c e n t e r l i n e  v e l o c i t y  decay da ta ,  t h e  nozz le  
boundary l a y e r  for  some o f  t h e  work was a r t i f i c i a l l y  t r i p p e d .  
t h e  t r i p  b e i n g  to  p r o v i d e  a t u r b u l e n t  boundary l a y e r  a t  t h e  nozz le  e x i t  p lane  
ove r  a wide range o f  j e t  Mach numbers and temperatures.  

I n  o r d e r  to  e s t a b l i s h  a common means for  comparison of t h e  a c o u s t i c a l l y  

The i n t e n t  o f  

Lockheed t r i p s .  - I n  f i g u r e  3, severa l  boundary l a y e r  w i r e  t r i p s  used i n  

O f  t h e  t h r e e  
t h e  Lockheed s t u d i e s  under c o n t r a c t  t o  NASA a re  shown i n  a schematic sketch, 
t o g e t h e r  w i t h  t h e i r  l o c a t i o n  r e l a t i v e  t o  the  nozz le  e x i t  p lane .  
t r i p s  shown i n  f i g u r e  3 only t r i p  C p r o v i d e d  s i g n i f i c a n t  improvements i n  t h e  
plume v e l o c i t y  decay c h a r a c t e r i s t i c s  w i t h  a c o u s t i c  e x c i t a t i o n  o v e r  a l l  t h e  
f l ow / tempera tu re  c o n d i t i o n s  o f  i n t e r e s t  i n  t h e  program. 

NASA Lewis t r i p .  - The t r i p  used i n  the  NASA Lewis s tudy,  des igna ted  t r i p  
D h e r e i n ,  c o n s i s t e d  o f  a r i n g  of 82 saw-teeth l o c a t e d  about  228.6 mm upstream 
o f  t h e  n o z z l e  e x i t  p lane  and p r o j e c t i n g  about 4 . 7 6  mm i n t o  t h e  f low. I n  t h e  
p resen t  s tudy,  t h i s  t r i p  was used o n l y  w i t h  a nozz le  h a v i n g  an e x i t  d iameter  
o f  5.08 cm. 

EFFECT OF NOZZLE BOUNDARY LAYER T R I P S  ON PLUME CENTERLINE VELOCITY DECAY 

A comparison o f  t h e  t r i p p e d  and u n t r i p p e d  e x t e r n a l  a c o u s t i c a l l y  e x c i t e d  
plume c e n t e r l i n e  v e l o c i t y  decay, Mex/M,n, i s  shown i n  f i g u r e  4 for  a range o f  
Se (Ref .  8 and unpubl ished NASA Lockheed d a t a ) .  The d a t a  shown i n  f i g u r e  4(a) 
a r e  f o r  a T j / t o  o f  1.0, M o f  0.8, and an Le o f  150 dB. I n  genera l ,  t h e  
t r i p p e d  d a t a  i n d i c a t e  s l i g h  4 l y  lower decay r a t e s  ( h i g h e r  Mex/M,n va lues )  o f  
t h e  o r d e r  o f  0.05 than those o f  the  u n t r i p p e d  data;  however, t h i s  may be 
w i t h i n  t h e  rea lm o f  c o n d i t i o n  and d a t a  r e p e a t a b i l i t y .  Wi th  a nominal j e t  tem- 
p e r a t u r e  r a t i o ,  T j / t o ,  o f  2.3, l a r g e  i nc reases  i n  t h e  plume v e l o c i t y  decay, 
Mex/M,n, as a f u n c t i o n  of Se 
i n  f i g u r e  4 (b ) .  

were measured when t r i p  C was used as i s  shown 

A comparison o f  t h e  c e n t e r l i n e  v e l o c i t y  decay for nominal T j / t o  r a t i o s  
of 1.0 and 2.3 u s i n g  t r i p  C a r e  shown i n  f i g u r e  5. The d a t a  a r e  a l s o  for  a 
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nominal 
genera l ,  t i e  l e v e l s  o f  t h e  Mex/Mun a r e  t h e  same for  t h e  two 
r a t i o s ;  however, a t  s i m i l a r  va lues of Mex/Mun t h e  heated d a t a  
s h i f t e d  t o  somewhat lower Se va lues than  those f o r  t h e  c o l d  

When t h e  plume v e l o c i t y  decay d a t a  a r e  analyzed i n  terms 

M. o f  0.8 and an a c o u s t i c  e x c i t a t i o n  l e v e l ,  Le, o f  50 dB. I n  
temperature 
appear t o  be 
f low data.  

of an a b s o l u t e  
M c / M j  r a t h e r  than a r e l a t i v e  Mex/Mun r a t i o ,  t h e  apparent b e n e f i t s  r e s u l t i n g  
from the  use o f  a t r i p p e d  boundary l a y e r  a r e  g r e a t l y  lessened, p a r t i c u l a r l y  
f o r  heated flows. Wi th c o l d  flow, t h e  u n e x c i t e d  M c / M j  i s  s u b s t a n t i a l l y  t h e  
same fo r  t r i p p e d  and u n t r i p p e d  n o z z l e  boundary l a y e r s ,  e s p e c i a l l y  a t  h i g h e r  
j e t  Mach numbers. Thus, t h e  v a r i a t i o n  o f  M c / M j  w i t h  Se i s  s i m i l a r  t o  t h a t  
p r e v i o u s l y  shown for t h e  v a r i a t i o n  of Mex/Mun w i t h  Se. For a heated j e t ,  
however, t h e  i n i t i a l  u n e x c i t e d  
boundary l a y e r  than t h a t  w i t h  an u n t r i p p e d  boundary l a y e r  as shown i n  f i g -  
u r e  6.  Consequently, t h e  apparent  b e n e f i t s  i n  t h e  decay r a t e s  shown i n  f i g -  
u r e  4 are  n o t  r e a l i z e d  when M c / M j  i s  cons idered.  The d a t a  shown i n  f i g u r e  6 
i n d i c a t e  t h a t  t h e  maximum a b s o l u t e  plume c e n t e r l i n e  v e l o c i t y  decay r a t e  due t o  
a c o u s t i c  e x c i t a t i o n  i s  s u b s t a n t i a l l y  a t  t h e  same l e v e l  whether or n o t  a nozz le  
boundary l a y e r  i s  t r i p p e d  i n  t h e  presence of heated flow. For an M j  of  0.3, 
boundary l a y e r  t r i p  C caused a s l i g h t l y  h i g h e r  M c / M j  
flow than t h a t  w i t h o u t  t h e  t i p ;  however, w i t h  heated flow r e s u l t s  s i m i l a r  t o  
those d iscussed for  an M j  o f  0.8 were o b t a i n e d .  

A comparison o f  plume c e n t e r l i n e  v e l o c i t y  decay t rends  for  t r i p p e d  and un- 
t r i p p e d  boundary l a y e r  d a t a  i s  shown i n  f i g u r e  7 i n  which t h e  measured u n e x c i t -  
ed M c / M  r a t i o s  a r e  p l o t t e d  a f u n c t i o n  o f  X ( t j / t o ) 0 . 2 5 / D  ( l + M j I 0 * 5  a t  an 
X / D j  o f  d . Also shown i n  t h e  f i g u r e  i s  t h e  c e n t e r l i n e  ve i o c i t y  decay cu rve  
f o r  unexc i ted  flow taken from r e f e r e n c e  2.  Except f o r  t h e  heated t r i p p e d  
flows, a l l  t he  d a t a  a r e  w e l l  rep resen ted  by t h e  curve.  The heated t r i p p e d  
d a t a  y i e l d  h i g h e r  M c / M  va lues than t h e  heated u n t r i p p e d  d a t a  a t  t h e  same oper-  
a t i n g  c o n d i t i o n s .  A t  ! h i s  t i m e  no e x p l a n a t i o n  for t h i s  behav io r  i s  a v a i l a -  
b l e .  S i m i l a r  d a t a  t rends  t o  those d iscussed above were a l s o  ob ta ined ,  based 
on v e r y  l i m i t e d  da ta ,  i n  unpub l i shed  NASA Lewis u s i n g  t r i p  D and u n e x c i t e d  
c o l d  flow. 

M c / M j  r a t i o  i s  h i g h e r  w i t h  a t r i p p e d  nozz le  

va lue  for u n e x c i t e d  

- 

F i n a l l y ,  a summary c a r t o o n  o f  t h e  d a t a  t rends  d iscussed i n  t h i s  s e c t i o n  
i s  shown i n  f i g u r e  8 for t r i p p e d  and u n t r i p p e d  nozz le  boundary l a y e r  condi -  
t i o n s .  

CORRELATION PARAMETER F 

The plume c e n t e r l i n e  v e l o c i t y  decay w i t h  a c o u s t i c  e x c i t a t i o n  was 
c o r r e l a t e d  i n  t e r m s  o f  a parameter h e r e i n  des igna ted  by F. 
t h e  c e n t e r l i n e  v e l o c i t y  decay cu rve  ( u n t r i p p e d  nozz le  boundary l a y e r )  f o r  a 
t y p i c a l  unexc i ted  j e t  plume ( r e f .  2) i s  shown s c h e m a t i c a l l y  i n  t e r m s  o f  Uc/Uj 
as a f u n c t i o n  o f  X ( t  / t o ) o * 2 5 / D j q .  Wi th a c o u s t i c  e x c i t a t i o n ,  t h i s  

t i c  e x c i t a t i o n  l e v e l s  as i n d i c a t e d  i n  f i g u r e  1.  The da ta  i n c l u d e d  h e r e i n  were 
a l l  ob ta ined  a t  an X / D j  of 9.0. Two schematic r e p r e s e n t a t i v e  d a t a  p o i n t s ,  
one fo r  c o l d  flow and one f o r  heated flow a r e  a l s o  shown i n  f i g u r e  9 (a> .  
c o r r e l a t i o n  parameter F i s  def ined as t h e  f a c t o r  r e q u i r e d  t o  s h i f t  an acous- 
t i c a l l y  e x c i t e d  d a t a  p o i n t  (or curve)  to  t h e  u n e x c i t e d  decay curve.  

I n  f i g u r e  9(a),  

curve s h i f t s  progress J v e l y  t o  t h e  l e f t  on t h e  absc i ssa  w i t h  i n c r e a s i n g  acous- 

The 
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With a t r i p p e d  nozz le  boundary l a y e r  t h e  reference u n e x c i t e d  v e l o c i t y  
decay curve can be s h i f t e d  to  t h e  r i g h t  of t h e  u n t r i p p e d  n o z z l e  boundary l a y e r  
v e l o c i t y  decay curve as shown i n  f i g u r e  9 (b> .  Consequently, F as p r e s e n t l y  
d e f i n e d  must be measured from t h e  s h i f t e d  u n e x c i t e d  v e l o c i t y  decay p o i n t  or 
curve when a t r i p p e d  nozz le  boundary l a y e r  i s  used, p a r t i c u l a r l y  w i t h  heated 
f l o w s .  

DATA BASE 

Represen ta t i ve  d a t a  p l o t s  of t h e  c o r r e l a t i o n  parameter, F, as a f u n c t i o n  
o f  the  S t rouha l  e x c i t a t i o n  number, Se, a r e  shown i n  f i g u r e s  10 t o  14. 

E x t e r n a l  A c o u s t i c  E x c i t a t i o n  

U n t r i p p e d  nozz le  boundary l a y e r .  - The v a r i a t i o n  o f  F w i t h  Se u s i n g  
e x t e r n a l  a c o u s t i c  e x c i t a t i o n  i s  shown i n  f i g u r e  10 for a j e t  Mach number o f  
0.8, an Le o f  147 and 150 dB, and temperature r a t i o s ,  T /to, of 1.0 and 2.32. 
The d a t a  shown a re  for r e p e a t  t e s t  runs  and i n d i c a t e  t h e  d egree o f  d a t a  repeat-  
a b i l i t y .  Wi th  a heated j e t  and an u n t r i p p e d  nozz le  boundary l a y e r ,  t h e  acous- 
t i c  e x c i t a t i o n  e f fec t  on t h e  plume v e l o c i t y  decay i s  s i g n i f i c a n t l y  reduced for  
equal l e v e l s  o f  e x c i t a t i o n  and t h e  peak F va lue  occu rs  a t  a lower  Se. The 
s i g n i f i c a n c e  o f  t h i s  phenomenon w i l l  be d iscussed i n  more d e t a i l  l a t e r .  

T r i pped  nozz le  boundary l a y e r .  - The d a t a  w i t h  an u n t r i p p e d  n o z z l e  bounda- 
r y  l a y e r  i n d i c a t e d  some anomalies between h i g h  and low j e t  Mach numbers w i t h  
a c o u s t i c a l l y  e x c i t e d  plumes. 
a nozz le  e x i t  l am ina r  boundary l a y e r  c o u l d  p r o v i d e  plume v e l o c i t y  decay charac- 
t e r i s t i c s  d i f f e r e n t  from those w i t h  a t u r b u l e n t  boundary l a y e r .  
seve ra l  boundary l a y e r  t r i p s  were used upstream o f  t h e  nozz le  e x i t  p lane  i n  
o r d e r  to  p r o v i d e  a t u r b u l e n t  boundary l a y e r  a t  t h e  nozz le  e x i t  w i t h  low j e t  
Mach number flows. I n  f i g u r e  11 t h e  v a r i a t i o n  o f  F w i t h  Se u s i n g  t r i p  C 
i s  shown for  t h e  same temperature and a c o u s t i c  e x c i t a t i o n  l e v e l s  g i v e n  i n  f i g -  
u r e  10 and nominal M j  va lues o f  0.3 and 0.8. I t  i s  apparent t h a t  t h e  va lues 
o f  F for t h e  heated plumes a r e  now a t  about t h e  same l e v e l  as those w i t h  c o l d  
f low; however, t h e  heated da ta  a r e  s t i l l  s h i f t e d  t o  t h e  l e f t ,  on t h e  absc i ssa ,  
o f  those for  c o l d  f low. 
p r e v i o u s l y  i n  f i g u r e  10. 

I t  was considered p o s s i b l e  t h a t  t h e  presence o f  

Consequently, 

T h i s  was a l s o  t h e  case for  t h e  u n t r i p p e d  d a t a  shown 

I n t e r n a l  A c o u s t i c  E x c i t a t i o n  

U n t r i p p e d  nozz le  boundary l a y e r .  - The v a r i a t i o n  o f  F w i t h  Se u s i n g  
an i n t e r n a l  a c o u s t i c  e x c i t a t i o n  source i s  shown in f i g u r e s  12 and 13. 
d a t a  shown i n  f i g u r e  12 a re  for j e t  Mach numbers o f  0.3 and 0.8 and tempera- 
t u r e  l e v e l s ,  T j / t o ,  o f  2.74 and 1.65, r e s p e c t i v e l y ,  as w e l l  as for  c o l d  f low. 
The a c o u s t i c  e x c i t a t i o n  l e v e l  f o r  these p o i n t s  was n o t  q u i t e  cons tan t ,  r a n g i n g  
from 145 t o  150 dB for each d a t a  s e t .  The temperature e f f e c t  i s  n o t  as appar- 
e n t  f o r  t h e  M j  = 0.3 da ta ,  b u t  s t i l l  appears t o  be p resen t ,  p a r t i c u l a r l y  a t  
t h e  h i g h e s t  Se va lues .  I n  genera l ,  however, t h e  da ta  t rends  a r e  s i m i l a r  t o  
those o b t a i n e d  w i t h  e x t e r n a l  e x c i t a t i o n .  

The 
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I n  f i g u r e  13 a re  shown r e p r e s e n t a t i v e  d a t a  r e p o r t e d  i n  r e f e r e n c e  6. The 
d a t a  shown a re  f o r  a nozz le  d iameter  o f  8.89 cm, M j  o f  0.435, Le o f  130 dB, 
and c o l d  flow. Data s i m i l a r  to  t h a t  shown i n  f i g u r e  13 were a l s o  o b t a i n e d  
w i t h  an Le o f  125 dB. 

Tr ipped nozz le  boundary l a y e r .  - A b r i e f  s tudy  was a l s o  made as p a r t  o f  
t h e  NASA Lewis research  e f f o r t  t o  e v a l u a t e  t h e  e f f e c t  o f  nozz le  s i z e  on acous- 
t i c a l l y  e x c i t e d  nozz le  plume v e l o c i t y  decay. 
d iameter  nozz le  and c o l d  flow r e s u l t e d  i n  a l am ina r  boundary l a y e r  a t  t h e  noz- 
z l e  e x i t  p lane.  I n  o r d e r  t o  p r o v i d e  a t u r b u l e n t  boundary l a y e r  for  comparison 
w i t h  o t h e r  data,  t he  nozz le  boundary l a y e r  was t r i p p e d  u s i n g  t r i p  D. The 
r e s u l t s  f o r  t h e  u n t r i p p e d  and t r i p p e d  boundary l a y e r s  i n  terms o f  F as a 
f u n c t i o n  o f  Se a re  shown i n  f i g u r e  14 for  an Le o f  125 dB, an M j  o f  
0.435. and c o l d  f low. I t  i s  apparent  t h a t  h i g h e r  l e v e l s  o f  F were o b t a i n e d  

The combinat ion o f  a 5.08 cm 

w i t h  

Se 

t h e  t r i p .  

P E R I O D I C  NATURE OF DATA 

The avai  1 ab1 e e x c i  t e d  
s p e r i o d i c  or c y c l i c  

plume d a t a  suggest t h a t  t h e  v a r i a t i o n  o f  F w i t h  
n na tu re ,  r e s u l t i n g  i n  a s e r i e s  o f  peak F values 

separated by v a l l e y s - o f  low F values.  Such r e p r e s e n t a t i o n s  a re  shown sche- 
m a t i c a l l y  i n  f i g u r e  15. The peak F va lues  a r e  c l o s e l y  spaced a t  low Se 
va lues and t h i s  spacing becomes i n c r e a s i n g l y  wider  as Se i s  Increased.  The 
d a t a  shown i n  f i g u r e  15 a re  for i n t e r n a l  acous t i c  e x c i t a t i o n  o f  t h e  plume. 
S i m i l a r  e f f e c t s  ( n o t  shown) were no ted  f o r  e x t e r n a l  a c o u s t i c  e x c i t a t i o n  o f  t h e  
plume. Consequently, some d a t a  o b t a i n e d  a t  a g i v e n  S t rouha l  number f o r  b o t h  
i n t e r n a l  and e x t e r n a l  a c o u s t i c  e x c i t a t i o n  may n o t  be a t  a peak F va lue .  

PLUME TEMPERATURE CONSIDERATIONS 

The e f f e c t  o f  j e t  temperature l e v e l  on t h e  plume c e n t e r l i n e  v e l o c i t y  
decay w i t h  a c o u s t i c  e x c l t a t i o n  was apparent  i n  f i g u r e s  10 t o  14. I n  o r d e r  t o  
c o r r e l a t e  c o l d  and heated j e t  f lows, b o t h  t h e  c o r r e l a t i o n  parameter F and 
t h e  S t rouha l  e x c i t a t i o n  number, Se, r e q u i r e  a temperature c o r r e l a t i o n  parame- 
t e r .  I n  t h i s  s e c t i o n ,  o n l y  the  S t rouha l  e x c i t a t i o n  number w i l l  be considered.  

Based on t h e  a v a i l a b l e  data,  i t  appears t h a t  t h e  S t rouha l  e x c i t a t i o n  
number must i n c l u d e  a temperature t e r m  g i v e n  by ( t j / t o ) 0 . 5 .  Here in ,  t h i s  f a c -  
tor i s  expressed i n  terms o f  t h e  a c o u s t i c  speed a t  t h e  n o z z l e  e x i t  p lane  t o  
t h a t  o f  t h e  surrounding ambient a i r ;  namely a j / a o .  T y p i c a l  p l o t s  o f  F as a 
f u n c t i o n  o f  Se, w i t h  and w i t h o u t  t h e  a j / a o  parameter a r e  shown i n  f i g u r e  16. 

I n  f i g u r e  17, t h e  v a r i a t i o n  o f  F w i t h  Se(a j /ao )  h e r e i n a f t e r  des ignated 
by Se* ,  i s  shown f o r  a j e t  Mach number o f  0.8, temperature r a t i o s ,  T /to, o f  
1.0 and 2.3,  and b o t h  u n t r i p p e d  and t r i p p e d  nozz le  boundary l a y e r s .  d n l y  the  
da ta  f o r  t h e  u n t r i p p e d  heated flow d e v i a t e s  markedly from t h e  o t h e r  cases. 
Thus, when t h e  nozz le  boundary l a y e r  i s  p r o p e r l y  t r i p p e d  t o  p r o v i d e  a tu rbu -  
l e n t  l a y e r ,  s u b s t a n t i a l l y  s i m i l a r  F va lues a re  o b t a i n e d  as a f u n c t i o n  o f  
Se*. 
e n t  b e n e f i t s  due to  t r i p p i n g  may n o t  be r e a l i z e d  because t h e  u n e x c i t e d  j e t  
v e l o c i t y  r a t i o  a t  a g i v e n  X / D j  
when the  f low i s  n o t  t r i p p e d .  

However, as p o i n t e d  o u t  e a r l i e r ,  i n  t e r m s  o f  a b s o l u t e  va lues ,  t h e  appar- 

can be h i g h e r  when t h e  f low i s  t r i p p e d  than  
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EFFECT OF NOZZLE S I Z E  

I n  comparing t h e  a c o u s t i c a l l y  e x c i t e d  NASA Lewis low Mach number d a t a  
w i t h  s i m i l a r  Lockheed d a t a  a t  a h i g h e r  Mach number ( F i g .  18). t h e  d isp lacement  
o f  t h e  two d a t a  s e t s  was i n i t i a l l y  b e l i e v e d  t o  be p o s s i b l y  due t o  t h e  d i f f e r -  
ence i n  nozz le  d iameter  (8.89 cm and 5.08 cm, r e s p e c t i v e l y ) .  I n  o r d e r  t o  
v e r i f y  t h i s  c o n s i d e r a t i o n ,  a s e t  o f  d a t a  were o b t a i n e d  i n  t h e  NASA Lewis f a c i l -  
i t y  w i t h  a 5.08 cm nozz le  and compared w i t h  t h a t  for t h e  l a r g e r  nozz le.  Wi th  
t h e  s m a l l e r  nozz le  b o t h  t r i p p e d  and u n t r i p p e d  d a t a  were ob ta ined .  These d a t a  
a r e  shown i n  f i g u r e  19 t o g e t h e r  w i t h  t h a t  for  t h e  l a r g e r  nozz le .  The d a t a  
shown were a l l  o b t a i n e d  w i t h  an M j  of 0.435, an Le o f  125 dB, and c o l d  
f low. I t  i s  apparent  t h a t  t h e  nozz le  d iameter  d i f f e rence  i s  n o t  t h e  cause o f  
t h e  d a t a  s h i f t  noted i n  f i g u r e  18 s i n c e  t h e  t u r b u l e n t  boundary l a y e r  d a t a  f o r  
t h e  two d i f f e r e n t  nozz le  d iameters c o i n c i d e .  A s  expected, t h e  t r i p p e d  d a t a  
w i t h  t h e  s m a l l e r  nozz le  p r o v i d e d  h i g h e r  F va lues than those ,wi th  t h e  t r i p p e d  
boundary l a y e r .  

From these data,  i t  appears t h a t  t h e  cause o f  t h e  da ta  s h i f t  shown i n  f i g -  
u r e  18 was n o t  due to  t h e  nozz le  d iameter  d i f f e r e n c e .  I n s t e a d ,  i t  was then  
assumed t h a t  t h e  cause for t h e  d a t a  s h i f t  was due t o  t h e  d i f f e r e n c e s  i n  t h e  
a c o u s t i c  e x c i t a t i o n  l e v e l s .  T h i s  assumption was c o r r o b o r a t e d  by subsequent 
s t u d i e s  u s i n g  an e x t e r n a l  a c o u s t i c  e x c i t a t i o n  source ( r e f .  8 and unpubl ished 
NASA Lockheed da ta )  and w i l l  be d iscussed and i l l u s t r a t e d  i n  d e t a i l  l a t e r .  

CORRELATION OF ACOUSTICALLY EXCITED PLUME VELOCITY DECAY DATA 

The a v a i l a b l e  p u b l i s h e d  and unpubl ished da ta  i n d i c a t e  t h a t  w i t h  a con- 
s t a n t  a c o u s t i c  e x c i t a t i o n  l e v e l ,  c o r r e l a t i o n  envelope curves c o u l d  be con- 
s t r u c t e d  t h a t  would pass through an apparent  peak F as a f u n c t i o n  o f  Se*. 
Such curves a r e  shown s c h e m a t i c a l l y  i n  f i g u r e  20. I n i t i a l l y ,  a t  an Se* o f  
0, t h e  curves have an F va lue  o f  1.0 ( u n e x c i t e d  f low). Wi th i n c r e a s i n g  Val- 
ues o f  s e * ,  F a l s o  increases,  r e a c h i n g  a peak va lue  a t  an S * . T h i s  l a t -  

e,P 
t e r  parameter i s  a f u n c t i o n  o f  t h e  a c o u s t i c  e x c i t a t i o n  l e v e l ,  Le, and t h e  plume 
s t a t i c  temperature t - .  The va lue  o f  F then decreases w i t h  f u r t h e r  i nc reases  
i n  S e * .  A t  Se* values g r e a t e r  than 2, F becomes l e s s  than 1.0, i n d i c a t i n g  
t h a t  t h e  plume v e l o c i t y  co re  i s  no l onger  be ing  decayed by a c o u s t i c  e x c i t a t i o n  
b u t  i s  b e i n g  e longated.  Furthermore, t h e  peak F va lue ,  Fp, occu rs  a t  l a r g e r  
Se* va lues w i t h  decreas ing l e v e l s  o f  Le ( F i g .  20). 

The d a t a  a l s o  i n d i c a t e  a d i f f e r e n c e  i n  the  decay e f f e c t  depending on 
whether i n t e r n a l  or e x t e r n a l  e x c i t a t i o n  sources a re  used. A l though  t h e  reason 
for  t h i s  d i f f e r e n c e  i s  n o t  known p r e s e n t l y ,  i t  i s  p o s s i b l e  t h a t  t h e  a c o u s t i c  
s i g n a l  i n t e r a c t i o n  w i t h  t h e  j e t  shear l a y e r  has d i f f e r e n t  e f f e c t s  depending on 
whether t h e  a c o u s t i c  s i g n a l  approaches t h e  o u t e r  or i n n e r  boundary o f  t h e  
p l  ume shear 1 aye r .  

C o r r e l a t i o n  o f  Fp 

E x t e r n a l  e x c i t a t i o n .  - Us ing  the  a c o u s t i c  e x c i t a t i o n  l e v e l s  a t  t h e  plume 
shear l a y e r ,  t h e  f o l l o w i n g  equa t ion  f o r  
e r a t i o n  o f  Le and t h e  s t a t i c  temperature r a t i o ,  t j / t o :  Fp was developed and i n c l u d e s  consid-  
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t / t  2 .15  0.5 0 (170.6/Le)7'7 - 11 - 1  .o [ I  - (2.12,) ] FP 

I n t e r n a l  a c o u s t i c  e x c i t a t i o n .  - I n  a s i m i l a r  c o r r e l a t i o n  procedure t o  
t h a t  used fo r  t h e  e x t e r n a l  e x c i t a t i o n  case, t h e  f o l l o w i n g  equa t ion  was beve 
oped fo r  i n t e r n a l  a c o u s t i c  e x c i t a t i o n  o f  t h e  plume: 

Note t h a t  b o t h  t h e  r e f e r e n c e  a c o u s t i c  l e v e l  (167.6) and i t s  exponent a r e  d i f -  
f e r e n t  i n  equa t ion  ( 2 )  than i n  equa t ion  (1 ) .  

A second equa t ion  f o r  Fp was a l s o  considered t h a t  y i e l d s  s u b s t a n t i a l l y  
s i m i l a r  r e s u l t s  i n  the  range of t h e  a v a i l a b l e  d a t a  t h a t  has o n l y  one change 
from the  e x t e r n a l  e x c i t a t i o n  case; namely, i n  t h e  reference a c o u s t i c  l e v e l ,  as 
f o l  lows: 

F = 1 + [(165.6/Le17.7 - 11-l.O [ I -  (u) t / t  2.15 ] 0.5 
P 2.125 ( 3 )  

A d d i t i o n a l  d a t a  a r e  needed t o  determine which equat ion,  (2) or ( 3 1 ,  pro-  
v i d e s  b e t t e r  c o r r e l a t i o n  a t  h i g h e r  a c o u s t i c  e x c i t a t i o n  l e v e l s  than  those pres-  
e n t l y  a v a i l a b l e .  

C o r r e l a t i o n  o f  S * 
e 9P 

Ex te rna l  a c o u s t i c  e x c i a t i o n s .  - The c o r r e l a t i o n  o f  t h e  S t rouha l  number 
assoc ia ted  w i t h  Fp i s  g i v e n  by t h e  f o l l o w i n g  equa t ion :  

3.33 1.645 1 * = 2 [l - (Le/170.6) 
'e,p (4 )  

I n t e r n a l  a c o u s t i c  e x c i t a t i o n .  - A s  in t h e  c o r r e l a t i o n  o f  Fp, t h e  c o r r e -  
l a t l o n  o f  s * d i f f e r s  s l i g h t l y  from t h a t  f o r  e x t e r n a l  a c o u s t i c  e x c i t a t i o n .  
Also, two equat ions a r e  i n c l u d e d  t h a t  depend on t h e  reference a c o u s t i c  l e v e l .  
The two equat ions a r e  g i v e n  by t h e  f o l l o w i n g  r e l a t i o n s :  

e,P 

3 1.85 I * = 2 [l - (Le/167.6) 
%,P 
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or 

* = 2 [l - (Le/165.6) 3 ] 1.75 
se ,P 

( 6 )  

Equat ion (5)  should be used w i t h  equa t ion  (2 )  and, s i m i l a r l y ,  e q u a t i o n  (6)  
should be used w i t h  equa t ion  ( 3 ) .  

Off-peak F C a l c u l a t i o n s  

The procedure f o r  c a l c u l a t i n g  o f f -peak  va lues of t h e  parameter F depends 
on whether t h e  Se* va lues  a re  l e s s  or g r e a t e r  than Se:p. 

Se* L 'e * p . - The f o l l o w i n g  equa t ion  i s  used t o  c a l c u l a t e  t h e  envelope 
curve (peak va lues )  o f  F as a f u n c t i o n  o f  Se* for  va lues  l e s s  than  S e t p :  

3.0 F1 = 1 + ( F  - 1 )  ( S e * / S  * 1 
P e,P 

(7) 

Se* 2 'e * p - For Se* va lues g r e a t e r  than Se:p, t h e  envelope curve for  F 
i s  c a l c u l a t e d  by t h e  f o l l o w i n g  equa t ion :  

F2 = 1 + ( F  - 1) (Se,p * / s  e *In 
P 

where 

n = Log ( F  ) - l / Log  0.5 (S * 1 P e,P 

( 8 )  

(9) 

COMPARISON OF DATA W I T H  CALCULATED ENVELOPE CURVES 

I n  f i g u r e s  21 t o  25 a r e  shown r e p r e s e n t a t i v e  a c o u s t i c a l l y  e x c i t e d  plume 
v e l o c i t y  decay d a t a  i n  terms o f  F as a f u n c t i o n  o f  Se* t o g e t h e r  w i t h  ca l cu -  
l a t e d  envelope curves based on t h e  equat ions developed i n  t h e  p reced ing  sec- 
t i o n s .  
non d iscussed e a r l i e r ,  good agreement between t h e  d a t a  and t h e  c o r r e l a t i o n  
curves have been o b t a i n e d  f o r  a1 1 cases. 

In genera l ,  c o n s i d e r i n g  t h e  p e r i o d i c  n a t u r e  o f  t h e  e x c i t a t i o n  phenome- 

CONCLUDING REMARKS 

Data o b t a i n e d  a t  M j  o f  0.3 (unpubl ished NASA Lockheed da ta )  f o r  which 

Lim- 

b o t h  c o l d  and heated f l o w s  a t  t h e  nozz le  e x i t  w e r e  i n  t h e  l am ina r  boundary 
regime suggest t h a t  t h e  temperature e f f e c t s  on t h e  plume decay a r e  s i g n i f i -  
c a n t l y  d i f f e r e n t  t han  those assoc ia ted  w i t h  t u r b u l e n t  boundary l a y e r s .  
i t e d  d a t a  o b t a i n e d  w i t h  i n t e r n a l  a c o u s t i c  e x c i t a t i o n  show t h a t  t h e  l o c a l  F 

1 1  



* 
va lues w i t h  Se 
t i o n  l e v e l s ,  as shown i n  f i g u r e  26. These d a t a  suggest t h a t  i f  t h e  boundary 
l a y e r  a t  the nozz le  e x i t  i s  decreased or removed, i . e . ,  b l e d  o f f ,  heated j e t  
plumes could perhaps be e x c i t e d  t o  F va lues equal or g r e a t e r  t han  those f o r  
c o l d  flows w i t h o u t  encoun te r ing  t h e  u n e x c i t e d  plume v e l o c i t y  decay p e n a l t i e s  
assoc ia ted  w i t h  t r i p p e d  nozz le  boundary l a y e r s .  

a re  h i g h e r  w i t h  heated flow than  c o l d  f low a t  s i m i l a r  e x c i t a -  

CONCLUSIONS 

On the  b a s i s  of t h e  a v a i l a b l e  d a t a  and t h e  r e s u l t s  o f  t h e  p resen t  analy-  
s i s  o f  i n t e r n a l  and e x t e r n a l  a c o u s t i c a l l y  e x c i t e d  j e t  plumes t h e  f o l l o w i n g  con- 
c l u s i o n s  are made concern ing t h e  e f f e c t  o f  a c o u s t i c  e x c i t a t i o n  on t h e  plume 
c e n t e r l i n e  v e l o c i t y  decay c h a r a c t e r i s t i c s :  

1. Equations were developed t o  e s t i m a t e  t h e  j e t  c e n t e r l i n e  v e l o c i t y  decay 

a. e x c i t a t i o n  S t rouha l  number 
b. j e t  temperature l e v e l  
c .  a c o u s t i c  e x c i t a t i o n  l e v e l  

changes caused by: 

2.  An inc rease  i n  a c o u s t i c  e x c i t a t i o n  l e v e l  i s  accompanied by a decrease 
i n  t h e  f requency a t  which t h e  peak plume c e n t e r l i n e  v e l o c i t y  decay occu rs .  

3 .  The a n a l y s i s  o f  t h e  d a t a  i n d i c a t e  t h a t  t h e  nozz le  boundary l a y e r  i s  a 
f a c t o r  i n  de te rm in ing  t h e  a c o u s t i c  e x c i  t a t i o n  e f f e c t s  on t h e  plume c e n t e r l  i n e  
v e l o c i t y  decay. 

4 .  With a n a t u r a l l y  developed nozz le  boundary l a y e r  ( u n t r i p p e d ) ,  i nc reas -  
i n g  t h e  j e t  temperature caused a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  e f f e c t i v e n e s s  o f  
a c o u s t i c  e x c i t a t i o n  on t h e  plume c e n t e r l i n e  v e l o c i t y  decay r e l a t i v e  t o  t h a t  
for t u r b u l e n t  c o l d  f low j e t s .  

5. With an a r t i f i c i a l l y  t r i p p e d  nozz le  boundary l a y e r ,  t h e  plume cen te r -  
l i n e  v e l o c i t y  decay w i t h  c o l d  or heated f l o w s  was s u b s t a n t i a l l y  t h e  same a t  
t h e  same a c o u s t i c  e x c i t a t i o n  l e v e l .  

6. A r t i f i c i a l  t r i p p i n g  o f  t h e  nozz le  boundary l a y e r  caused an i nc rease  i n  
t h e  unexc i ted  l o c a l  c e n t e r l  i n e  v e l o c i t y  decay r a t i o ,  p a r t i c u l a r l y  w i t h  heated 
flows. 

7. I n  t e r m s  o f  abso lu te  l o c a l  plume c e n t e r l i n e  v e l o c i t y  decay o b t a i n e d  
w i t h  a c o u s t i c  e x c i t a t i o n ,  no apparent  b e n e f i t s  were o b t a i n e d  by t r i p p i n g  t h e  
nozz le boundary l a y e r  compared w i t h  u n t r i p p e d  va lues o v e r  t h e  range o f  condi -  
t i o n s  i nc luded  by t h e  data.  

8. The v a r i a t i o n  o f  t h e  plume c e n t e r l i n e  v e l o c i t y  decay w i t h  a c o u s t i c  ex -  
c i t a t i o n  as a f u n c t i o n  o f  e x c i t a t i o n  S t rouha l  number appears t o  be p e r i o d i c  I n  
na tu re ;  consequent ly much o f  t h e  a v a i l a b l e  d a t a  a re  of f -peak va lues o f  the  cor-  
r e l a t i o n  parameter F for a g i v e n  S t rouha l  e x c i t a t i o n  number, i n  p a r t i c u l a r  
t h a t  ob ta ined  w i t h  i n t e r n a l  a c o u s t i c  e x c i t a t i o n .  
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UNEXCITED DATA WITH PLUME CENTERLINE VELOCITY DECAY 
CORRELATION CURVE FOR Tj/t ,  VALUES OF 1.0 AND 2.3. 
W D j ,  9. 



T i  It, NOZZLE BOUNDARY MODE 
LAYER 

0 COLD TRIPPED, UNTR 1 PPED UNEXCITED 
0 HEATED UNTRIPPED UNEXC I TED 
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A COLD TRIPPED, UNTRIPPED EXCITED 
V HEATED TRIPPED, UNTRIPPED EXCITED - 

CENTERLINE VELOCITY 
DECAY CORRELATION ,/ 
CURVE (REF. 2 )  - / 

FIGURE 8. - SCHEMATIC SKETCH OF TYPICAL EFFECTS OF 
NOZZLE BOUNDARY LAYER TRIPPING ON COLD AND HEATED 
FLOW PLUME CENTERLINE MACH NUMBER DECAY WITH AND 
WITHOUT ACOUSTIC EXCITATION. 
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(B) TRIPPED NOZZLE BOUNDARY LAYER. 

FIGURE 9. - DEFINITION OF CORRELATION PARAMETER F. 
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FIGURE 20. - SCHEMATIC SKETCH OF ACOUSTIC LEVEL AND TEMPERA- 
TURE EFFECTS ON PLUME CENTERL I NE MLOC ITY MCAY CORRELA- 
TION PARAMETER F. TURBULENT FLOW: UNTRIPPED NOZZLE 
BOUNDARY LAYER. 
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